THE GLASS CERAMIC ROUTE TO HIGH-TC SUPERCONDUCTORS IN THE BI-CA-SR-CU-O SYSTEM by Zeng, R. J. et al.
This content has been downloaded from IOPscience. Please scroll down to see the full text.
Download details:
IP Address: 210.34.4.164
This content was downloaded on 11/04/2014 at 01:12
Please note that terms and conditions apply.
The glass ceramic route to high-Tc superconductors in the Bi-Ca-Sr-Cu-O system
View the table of contents for this issue, or go to the journal homepage for more
1989 Supercond. Sci. Technol. 2 47
(http://iopscience.iop.org/0953-2048/2/1/010)
Home Search Collections Journals About Contact us My IOPscience
Supercond. Sci. Technoi. 2 (1989) 47-51. Printed in the UK 
R J Zengt, M Cablet and E A HarrlsS 
t Division of Ceramics Glasses and Polymers, School of Materials, University of 
Sheffield, Sheffield S10 2TZ, UK 
$ Department of Physics, University of Sheffield, Sheffield S3 7RH, UK 
Received 23 January 1989 
Abatract. A superconducting ceramic of composition Bi, ,,CaSr, ,Cu,O, has been 
prepared by the glassceramic route by melting in platinum, quenching between 
aluminium plates to form a glass then heat treating in air at 824 'C. This material 
has T,(onset) = 101 K and T,(zero) = 90 K. It has been studied by x-ray diffraction, 
differential thermal analysis and SEM together with EDX analysis. Its electrical 
properties are compared with those of Bi,Ca,,,Sr, ,Cu,O, also prepared as a glass 
ceramic but the latter does not have such good superconducting properties. 
1. lntroductlon produce superconducting phases having a range of r, 
values up to 105 K [3. 41. Although not extensively 
Since their discovery in 1986, most investigators study- investigated, i t  is known that bismuth oxide can act as a 
ing high-temperature oxide superconductors have made glass former and, since calcium, strontium and copper 
their materials by traditional ceramic methods. These oxides are well known modifiers in oxide glasses. the 
typically involve finely grinding the oxides, mixing, possibility of preparing superconductors in this system 
pressing, sintering, crushing and regrinding, then press- by the glass-ceramic route thus deserves investigation. 
ing and sin!ering a second time. Crushing and grinding Recently Komatsu er al [5 ]  became the first to 
are expensive, time consuming and easily introduce report the fabrication of a Bi-Ca-Sr-Cu-0 supercon- 
undesirable impurities. The products are usually porous ductor using a glass-ceramic route. At  about the same 
and the final texture much influenced by the initial par- time we also prepared a bismuth-containing supercon- 
ticle size, fabrication procedure and sintering condi- ductor by this method and other authors have now 
tions. Glass ceramics of many types have been widely reported similar work [ I ,  6-93. 
studied for about 30 years and it is known that the crys- We have prepared glass-ceramic superconductors 
tallisation of a glass can often produce a ceramic with over a wide range of compositions in the Bi-Ca-Sr-Cu- 
better properties than use of the classic ceramic 0 system encompassing most of those already reported 
methods. Glasses can be made with raw materials which as being single-crystal or single-phase ceramic super- 
decompose and easily react on heating, giving more conductors made by the normal ceramic route. Here we 
rapid reaction than sintering of the oxides. Also the report observations on two compositions, neither of 
gases evolved during these reactions, or the deliberate which has previously been reported as being suc- 
addition of extra oxidising or reducing materials, can cessfully prepared by this method. 
control the oxidation or reduction' of the melt without 
using a controlled atmosphere furnace. The mobility of 
the melt makes homogenisation easier than in sintering; 
crushing and remelting is rarely needed. Forming of 
objects from the glass melt is more easily done; if thin 
films or fibres can be produced they may find useful Laboratory chemical powders of Bi203 (99.9% 
applications. Finally, the crystallised product has zero purity), Sr(NO,), (99.0X purity) CaCO, (99.5%) and 
porosity and its texture is easily controlled by the heat C U ( N O ~ ) ~  - 3 H z 0  (99.5%) were weighed out and mix- 
treatment cycle used to nucleate and grow the crystals. ed to provide 100 g batches of composition 
Zero porosity might increase the critical current density Bi, .,CaSr,,,Cu,O, which were melted in either alumina 
of an oxide superconductor [l]. (sample A) or platinum (sample B) crucibles for 70 min 
Superconductivity in the Bi-Ca-Sr-Cu-0 system at 1100°C in air in an electric furnace. The fluid melt 
was first reported in 1988 by Maeda et a l [2 ]  and it has was stirred with a platinum stirrer for 30 min at 60 RPM 
become clear that several compositions in this system then cast and quenched between two aluminium plates 
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to produce samples about 0.5 mm thick. Slower cooling 
gave partly crystalline material. Sample C, of composi- 
tion Bi2Cal.SSr1,5CuZQx, was prepared in a similar 
way by melting in alumina at 1200°C for 120 min. 
Numerous heat treatments were then employed to try 
to optimise the superconducting properties of A, B 
and C.  
All three materials were examined by x-ray diffraction 
to confirm that the original quenched samples were 
glassy and to characterise the crystal phases produced 
by heat treatment. Differential thermal analysis was 
used to identify the glass transition and indicate kinetics 
of crystallisation and melting. Ordinary and scanning 
electron microscopy were used to study the microstruc- 
tures and some EDX spectra obtained for phases appear- 
ing in samples A and B. 
Resistivity measurements were made using a stan- 
dard four-probe technique, the electrical contacts being 
made using Electrodag 9 15 high-conductivity paint. 
Microwave measurements were made with a Varian 
4502 X-band EPR spectrometer fitted with an Oxford 
Instruments helium gas flow cooling system. 
4. Results and discussion 
4.1. Quenched samples 
All samples quenched as described between aluminium 
plates were amorphous according to the x-ray diffrac- 
tion results, which showed only the low and very broad 
peak typical of glasses-see figure 1; it may be noted 
that this iow peak is better defined than in silicate 
I d 1  I I .  I 
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Figure 1. X-ray diffraction traces obtained using Cu(Kcr) 
radiation and scanning at 2" min-' for (a) quenched sample 
A, melted in alumina; (b)  sample A heat treated at 813°C 
for 130 h;  (c) quenched sample B, melted in platinum; 
(d) sample B heat treated at 824 "C for 130 h. 
glasses because of the differences in electron densities. 
None of these samples indicated superconducting 
behaviour by the Meissner test, nor did they show a 
signal characteristic of a superconducting transition in a 
magnetically modulated microwave absorption experi- 
ment. This experiment [IO, 113 used a normal EPR 
spectrometer with 100 kHz field modulation and phase- 
sensitive detection to detect a low-field signal which 
appears when the sample becomes superconducting. 
Instead of sweeping the applied magnetic field, as in 
normal EPR, the field was held steady at a low value 
(3 mT) while temperature was slowly swept through the 
transition region. None of the quenched samples gave 
any trace of a signal in this very sensitive experiment 
and we estimate that this null result implies that the 
glassy samples contained less than 0.1 % of supercon- 
ducting phase. These results confirm that superconduc- 
tion requires crystalline order extending over much 
greater distances than the regular nearest-neighbour 
arrangements existing in glasses. 
4.2. Heat-treated samples 
The Meissner test was used to detect superconductivity 
in heat-treated samples and failed to show any sign of 
superconducting behaviour in samples heat treated 
below about 750 "C. This test demonstrated that, 
although superconductivity was present in samples 
treated above about 750 "C, the best performance was 
obtained by heating within quite a narrow temperature 
range (no more than & 5 "C for one sample). The best 
results were obtained at about 813 "C for sample A and 
824°C for B, both heated for 130 h in air and then 
quenched in liquid nitrogen, but a t  823°C for C when 
heated for 130 h in flowing oxygen. Rapid cooling was 
necessary to achieve the best results. Figure 2 shows 
resistivity data for these particular samples. 
Sample B shows the most promising supercon- 
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Figure 2. Variation of electrical resistivity with temperature 
expressed as a fraction of its value at 290 K. Sample A, full 
curve at 1 mA, broken curve at 10 mA; sample B at 1 mA; 
sample C at 0.5 mA. 
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ter, falling approximately linearly with decreasing 
temperature down to about T, (onset) ?: 101 K, below 
which it drops rapidly, reaching a, (zero) at 90 K. These 
results indicate a relatively pure superconducting phase; 
the transition temperature agrees well with some 
reports on samples made by normal ceramic methods 
but is appreciably higher than that reported for other 
glass-ceramic samples [5, 6, 71. Sample A (melted in 
alumina) shows a substantially higher resistivity and, 
although resistivity falls from room temperature to 
104 K, the relative change is much less than for sample 
B. Between T, (onset) at about 98 K and 90 K the resis- 
tivity falls by a factor of two but below that the curve 
becomes shallower and reaches T, (zero) only at 72 K. 
The critical current density in this sample also appears 
to  be relatively Iow-see the figure caption. A similar 
resistivity curve with a foot giving T, (zero) considerably 
below that of most rapid decrease in resistivity has been 
reported by other workers and appears to be a charac- 
teristic of multiphase systems. The difference in proper- 
ties between A and B suggests that there is good 
connectivity between the superconducting grains in B 
but that, although individual grains in A superconduct 
below 90 K, transport current below that temperature is 
severely limited by intergrain tunnelling. 
Pieces of samples A and B heat treated in this way 
were also examined by the microwave technique and, 
unlike the quenched glassy material, gave strong signals 
with an onset temperature at about 93 K which is con- 
sistent with the resistivity measurements. 
Sample C has a much higher resistivity than either 
A or B and a weak temperature dependence above the 
transition region. It shows a sharp fall in resistivity 
between 90 and 80 K and, like A, shows a foot with 
zero resistance being reached only on cooling to 55 K. 
The most rapid decrease in resistivity of C occurs at a 
significantly lower temperature than with A or B. This 
could indicate that the principal superconducting 
phases are different between A or B and C and that they 
may correspond to the 80 K and 90 K phases reported 
by Tallon et a1 [ 123. 
These results show that the microstructures of these 
materials deserve further study. Two of the most inter- 
esting questions are why samples A and B, which dif- 
fered only in the type of crucible used, should have 
significantly different electrical characteristics and why 
so narrow a range of heat treatment temperatures 
should be necessary to achieve the best electrical 
properties. 
Figure 1 includes x-ray diffraction patterns of 
samples A and B after heat treatments producing good 
superconducting materials. These confirm that the 
materials are now crystalline; each contains a similar 
major phase which is presumed to be the supercon- 
ducting phase reported by Maeda et a1 [2] and Syono 
et a1 [3]. The latter workers noted that this phase shows 
a peak at the unusually low angle 20 = 5.8" which sug- 
gests a long-period layered structure for which they 
deduced the unit cell dimensions a = 5.40 A, b = 
27.00 A, c = 30.71 A, indicating a pseudotetragonal 
t Y 
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Figure 3. Differential thermal analyses of 1-3 mm grains of 
quenched glassy material for samples A, B and C. The inset 
shows the behaviour of sample A in the transformation 
range. 
symmetry. However, there are differences in some 
relative peak intensities which suggest the possibility 
of differences in crystal structure between the major 
phases in A and B. Samples of A and B heat treated at 
temperatures between about 500 and 750 "C were 
shown to be crystalline by microscopic examination and 
x-ray diffraction patterns but their x-ray patterns were 
quite different from those of the superconducting 
materials. 
Differential thermal analyses were done using 
250 mg samples heated at  10°C min-' in a Stanton 
Redcroft 674 apparatus. Using 1-3 mm particles or 
finely ground powder changed peak temperatures by 
only 2 or 3 degrees, suggesting that internal crystal 
nucleation occurred easily. The traces for A and B show 
(figure 3) similar features with only one major exother- 
mic peak above 450 "Cy indicating rapid crystallisation 
of one phase, and one large endothermic peak (assumed 
to show its dissolution) above about 850°C; the 
liquidus temperature is probably just above 890 "C. 
However, there are differences between the two; the 
main peak is at 477 "C for sample A and at 457 "C for 
sample B, which suggests some difference between the 
major phases in A and B. In addition, there are much 
smaller peaks which may indicate the crystallisation of 
small proportions of other phases including the super- 
conducting one. These DTA results suggest that there is 
only one major crystalline phase in A or B, which can 
form at temperatures as low as 475°C. However, the 
x-ray diffraction results show that this phase is not the 
one responsible for superconductivity and these data do 
not show why heat treatment in so narrow a tem- 
perature range at about 820°C is necessary to obtain 
the best electrical properties. It may, however, be noted 
that this temperature appears to be where melting of the 
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phase crystallised below 500°C is about to commence 
and the implied presence of a little liquid phase during 
heat treatment may have an effect o n  crystal growth. 
Alternatively there might be an effect related to the 
decomposition above about 800°C of the easily crys- 
tallised phase, or to the oxidation of copper, or to 
oxygen stoichiometry, It seems probable that the phase 
formed below 500°C needs to be heated above about 
800°C to react and form the superconducting phase. 
The heat treatment times (> 100 h) found necessary to 
obtain a good superconductor suggest that its rate of 
formation is too slow for it to be seen o n  a DTA trace. 
Sample C shows a rather different DTA trace. Its 
major crystal growth peak is at 488°C. I t  again shows 
other much smaller peaks which are similar to those 
seen with A but rather sharper. Its behaviour above 
750°C is rather more complicated than that of either A 
or E. 
Glasses show an inflexion in the  DTA trace at the 
transformation range, usually designated by <, which 
shows the glass transforming from the frozen-in truly 
glassy state t o  a supercooled liquid. Estimates of T$ 
made in the conventional way give values of about 
425°C for A and 410°C for B. The inset on figure 3 
shows the typical result of sweeping through the glass 
transition during both heating and cooling. The interval 
between TB and the beginning of crystallisation, indi- 
cated by the foot of the main peak, shows the 
temperature range over which the material could 
successfully be worked as a glass. Much experience with 
low-melting fluoride glasses intended for optical fibres 
has shown that this interval needs to  be in excess of 
about 100 "C for fibres free from crystalline inclusions 
to be drawn [13]. For these glasses the intervals do not 
exceed 40 "C, which confirms the need for quenching to 
preserve the glassy state. However, it should be remem- 
bered that the important temperature range depends on 
the viscosity-temperature relation of each material and 
a comparison of temperatures alone may be misleading. 
Sample C appears the most attractive from this point of 
view but has the least promising electrical properties. 
Scanning electron micrographs of samples A and B 
(figure 4) obtained with a Camscan Series 2 operating at 
20 kV confirm that both show a fine-grained pore-free 
microstructure but there are important differences 
between them. Sample A, which was melted in alumina, 
show three major crystalline phases (light, grey and 
dark) but sample B, melted in platinum, shows only the 
light and dark phases. Sample A also shows a less 
uniform microstructure with distinctly larger grains of 
the grey phase and no grains of the dark phase remain 
immediately surrounding them. The vertical banding 
seen on the photographs is an artefact, not a n  indica- 
tion of such banding in the samples. EDX spectra were 
recorded for different regions of these samples but the 
small crystal size made it difficult to  obtain accurate 
data for individual grains. However, it was possible to 
make qualitative judgments about the compositions of 
two of the three major phases. Figure 5 shows spectra 
for the light phase in sample B and for the grey phase in 
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Figure 4. Scanning electron micrographs of super- 
conducting materials: (a) sample A and (b)  sample B. 
Flgure 5. EDX spectra of (a) the grey phase in sample A and 
(b)  the light phase in sample B. 
Glass-ceramic bismuth superconductors 
sample A; the former shows major peaks for Bi, Sr, Ca 
and Cu and is assumed to be the main superconducting 
phase but the latter has an aluminium peak about the 
same size as the first calcium peak. The light bismuth- 
rich phase appeared to be the same in both A and B 
and is assumed to  be the superconducting phase report- 
ed by others in ceramics [14], the dark phase is rich in 
copper and the grey phase contains alumina dissolved 
from the crucible during melting. Detailed examination 
of sample C is not yet complete. 
5. Conclusions 
We have found that many of the superconducting 
Bi-Ca-Sr-Cu-0 ceramics can be made by the glass- 
ceramic route and that fine-textured zero-porosity 
materials may easily be obtained. However, the phase 
easily crystallised at 450-480 "C is not superconducting. 
Long heat treatments in a narrow temperature range 
close to  820°C were necessary to produce good super- 
conductors. The best of the materials discussed here had 
better superconducting properties than those so far 
reported for most of the other glass-ceramic samples. 
The most important problem in melting the original 
glasses was choice of crucible material; platinum is 
easily attacked by many of these compositions and 
alumina is dissolved by them, to produce another crys- 
talline phase in the final product. However, platinum 
was successfully used in this work. It may be noted that 
Chu et a1 [15] have reported a good superconducting 
phase in the Bi-Al-Ca-Sr-Cu-0 system, so that the use 
of alumina crucibles is not ruled out in all cases. 
The best of the materials reported here (sample B) 
has (zero) = 90 K and its resistivity characteristics 
are typical of a single-phase superconductor. SEM exami- 
nation shows it to contain two major crystal phases, 
only one of which is thought to be superconducting: the 
compositions and electrical properties of these two 
phases still need to be elucidated in detail. The reason 
why heat treatment must be within a very narrow 
temperature range to achieve the best electrical per- 
formance is not entirely clear but is thought to  be con- 
nected with the decomposition or reaction of the 
non-superconducting phase easily formed above about 
450 "C whilst avoiding significant melting. It may also 
depend on changes in the stoichiometry and relative 
proportions of the two phases. 
A considerable improvement in the stability of the 
glass will be needed if materials of this kind are to be 
worked in the glassy state, for example drawn into 
fibres, before being heat treated and transformed into 
superconductors. Whether this can be achieved by 
modification of composition remains to be seen. 
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